First example of a high-level correlated calculation of the indirect spin-spin coupling constants involving tellurium: tellurophene and divinyl telluride † H spin-spin coupling constants of tellurophene and divinyl telluride were calculated at the SOPPA and DFT levels, in good agreement with experimental data. A new full-electron basis set, av3z-J, for tellurium derived from the ''relativistic''
Dyall's basis set, dyall.av3z, and specifically optimized for the correlated calculations of spin-spin coupling constants involving tellurium was developed. The SOPPA method shows a much better performance compared to DFT, if relativistic effects calculated within the ZORA scheme are taken into account. Vibrational 
Introduction
Recent advances in the implementation of different correlated methods, such as SOPPA, SOPPA(CC2), SOPPA(CCSD), EOM-CCSD, CCSD and various density functional methods, for the calculation of spin-spin coupling constants [1] [2] [3] [4] [5] [6] has resulted in a vast amount of papers dealing with the calculation of spinspin coupling constants of different types involving the most popular magnetic isotopes -1 H, 13 C, 15 N, 19 F, 29 Si, 31 P and even 77 Se, at the modern high-level non-empirical and DFT levels (for references, see the reviews in ref. 2, 3, 7, 8) . To the best of our knowledge, no correlated non-empirical calculations have been attempted for the spin-spin couplings involving ''heavy'' 125 Te, which is also a popular isotope among the NMR community worldwide. There are two commonplace reasons for this gap: firstly, the absence of a full-electron tellurium basis set of sufficient quality in most popular program codes, and secondly, the traditional ''scare'' of relativistic effects which, for certain, should be of particular importance for this type of spin-spin coupling constants and which are not implemented for the calculation of spin-spin couplings in most quantum chemical programs. In the present paper, we report the first example of such a calculation performed for 125 Te-1 H coupling constants in tellurophene (1) and divinyl telluride (2) using our newly developed full-electron tellurium basis set, specifically optimized for the correlated calculations of spin-spin coupling constants involving tellurium.
Apart from being of purely theoretical interest, tellurophene and divinyl telluride are important starting materials for organic synthesis and the preparation of new organotellurium compounds. [9] [10] [11] [12] [13] [14] [15] As an example of the first type (i.e., dealing with organic synthesis), diaryl tellurophenes are involved in the a A.E. Favorsky Irkutsk Institute of Chemistry, Russian Academy of Sciences, tellurium-lithium exchange reaction giving 1,4-dilithio-1,3-butadienes, which can be further applied for the preparation of siloles. 15 As an example of the second type (i.e., preparing organotellurium compounds), a number of important substituted divinyl tellurides, prospective monomers in polymer synthesis, were obtained recently from tellurium tetrahalides and acetylene. [16] [17] [18] For the conformationally rigid tellurophene, we performed calculations of geminal and vicinal 125 Te-1 H coupling constants at different levels of theory, taking into account relativistic effects, vibrational corrections and solvent effects, while for the conformationally labile divinyl telluride, such calculations were carried out with the emphasis on the conformational effects. As a result, a marked stereospecificity of geminal and vicinal telluriumhydrogen spin-spin coupling constants across double bonds originating in the orientational lone pair effect of tellurium (amounting to more than 100 Hz!) has been established, which provides a new guideline in organotellurium stereochemistry.
Experimental details
General synthetic procedure Tellurophene (1) was obtained from elemental tellurium and diacetylene, 19 and divinyl telluride (2) was prepared from elemental tellurium and acetylene. 13, 14 Efficient syntheses of tellurophene and divinyl telluride in high yields were achieved via the generation of a telluride anion from elemental tellurium by the action of KOH and reducing reagents (tin dichloride, hydrazine hydrate) followed by the addition of the telluride anion to the triple bond of acetylene or diacetylene. 13, 14, 19 Te spectra accumulated overnight using a spectral width of 4 kHz with 16 K data points.
Computational strategy

Quantum chemical methods
First of all, we used the conformationally rigid tellurophene (1) to perform benchmark calculations of its two possible spinspin coupling constants involving tellurium and the protons of the tellurophene ring, geminal 2 J(Te,H) and vicinal 3 J(Te,H), at two different levels of theory -the second order polarization propagator approach (SOPPA) and, on the other hand, density functional theory (DFT). For the former (SOPPA), we applied the known methods -namely, the parent SOPPA [20] [21] [22] [23] itself in combination with CC2, known as SOPPA(CC2), 24, 25 and with CCSD, referred to as SOPPA(CCSD). 23, 26 In the general SOPPA formalism, the ground-state wavefunction used in the calculation of spin-spin coupling constants as linear-response property is approximated with the MP2 wavefunction, while in the SOPPA(CC2) and SOPPA(CCSD) methods, the MP2 correlation coefficients are replaced accordingly with CC2 and CCSD single and double amplitudes, which is regarded 24, 26 to generally improve the description of the electron correlation at the MP2 level. For the latter (DFT), we used the most common three-parameter hybrid functional of Becke 27 H spin-spin couplings across the double bonds in the structurally related alkenylsilanes, 32, 33 so it was believed that they would be appropriate for the present case as well. Scalar relativistic corrections were calculated with the zero order regular approximation [34] [35] [36] [37] [38] [39] (known as ZORA) at the DFT-B3LYP level. Both vibrational and solvent corrections were evaluated at the DFT-B3LYP level, the former using the zero-point vibrational energy (ZPVE) approach, as described by Ruud et al., 40 while the latter within the PCM scheme for chloroform.
Basis sets
In the non-relativistic calculations of the coupling constants, we employed Sauer's standard contracted basis set, aug-cc-pVTZ-J, 41 for the hydrogens involved in spin-spin coupling with tellurium while standard Dunning's cc-pVDZ basis sets [42] [43] [44] were used throughout for all uncoupled atoms. For tellurium, we used a full-electron basis set derived in this paper (and referred to further on as av3z-J) from the ''relativistic'' Dyall's basis set, dyall.av3z, 45, 46 motivated by the common practice of combining Dyall's and Dunning's basis sets [42] [43] [44] Here, we use different basis sets for the coupled and uncoupled atoms in the calculations of tellurium-hydrogen coupling constants based on the general idea of locally dense basis sets employing large sets of functions on a particular atom or small molecular region and smaller or attenuated sets elsewhere. [51] [52] [53] This approach has been shown to be very effective in calculating spin-spin coupling constants of many different types at the highly computationally demanding SOPPA, SOPPA(CC2) and SOPPA(CCSD) levels at lower computational costs and reliable accuracy when coupled atoms are specified within the triple zeta basis sets augmented with tight s-functions, while uncoupled atoms are determined with the standard basis sets of double zeta quality (for references, see the review in ref. 6 ).
The av3z-J basis set was specifically optimized for the correlated calculations of spin-spin coupling constants involving tellurium using our original technique applied earlier for the creation of the aug-cc-pVTZ-J family of basis sets, 23, 41, [54] [55] [56] [57] [58] which is essentially to extend the basis set until convergence of the coupling constants is achieved. As a test molecule, we employed the simplest hydride of tellurium, H 2 Te, whose geometry had been optimized at the MP2 level with the av3z/aug-cc-pVTZ basis set. In a series of SOPPA calculations on H 2 Te with Dyall's completely uncontracted av3z basis set for Te and the aug-ccpVTZ-J basis set for H, it was determined that the In the calculation of the relativistic corrections at the ZORA-DFT-B3LYP level, a Slater-type TZ2P basis set 59 was used.
Software
All the geometry optimizations were performed with the GAMESS code 60 at the MP2/aug-cc-pVTZ-pp level without symmetry constraints, taking into account solvent effects (chloroform) within the PCM scheme with the exception of the geometry optimization of H 2 Te during the generation of the av3z-J basis set, which was carried out with the DALTON package 61 ,H) , the overall contribution of the non-contact terms is almost negligible, while for the geminal coupling constant, 2 J(Te,H), the contribution of the paramagnetic spinorbital term is about 11 Hz (at the SOPPA level) or even 14 Hz (at the DFT level), which is essentially more than 10% of its total value and is thus, far from negligible.
The most interesting conclusion which can be reached from the analysis of the data presented in Table 1 is that at the nonrelativistic level, both DFT methods give better results in comparison with the experimental data than any of the SOPPA methods.
However, in our opinion, the better performance of DFT in this particular case is nothing more than a fortuitous cancellation of errors due to not reaching the complete basis set limit, 66-70 the well-known phenomenon in computational quantum chemistry. Indeed, taking into account the relativistic effects calculated with the zero order regular approximation together with vibrational and solvent effects drastically changes the situation, as can be seen from the data given in Table 2 . It follows that ZPVE and PCM corrections (DJ vib and DJ sol ) are of minor importance for both 2 J(Te,H) and 3 J(Te,H) couplings while scalar relativistic effects (DJ rel ) contribute to the calculated values of these couplings by up to ca. À18 and +5 Hz, respectively, which totals to accordingly, 17 and 23% of their non-relativistic values, see Table 2 . It can now clearly be seen that taking into account relativistic corrections essentially worsens the DFT results and dramatically improves the performance of the SOPPA methods, the latter results being in very good agreement with the experimental results.
For the conformationally labile divinyl telluride, prior to the calculations of the 125 Te-1 H spin-spin coupling constants, we performed a theoretical conformational analysis at the MP2/ aug-cc-pVTZ-pp level taking into account solvent effects (chloroform) within the PCM scheme, which revealed the existence of three true-minimum rotational conformers with a ratio of A : B : C = 65 : 20 : 15 at 300 K (within the Boltzmann distribution scheme) confirmed by the vibrational harmonic analysis (Fig. 2) . In the most favorable conformer A, the vinyl groups are in the skewed s-cis and s-trans orientations with out-of-plane deviations of accordingly 16 and 511. On the other hand, the B and C conformers are characterized by the s-trans orientation of both vinyl groups in each conformer, with out-of-plane deviations of 46 and 361, respectively. Given in Table 3 are the conformationally averaged 125 Te-1 H spin-spin coupling constants in divinyl telluride calculated at the SOPPA(CCSD) level including relativistic corrections, which are in a very good agreement with their experimental values. This is a very encouraging result and it is even more encouraging in view of the fact that the total ''relativistic'' values of 2 J(Te,H X ) differ dramatically in different conformers of 2 (e.g., À57 Hz in A and À10 Hz in C), which means that conformational averaging together with relativistic corrections are of crucial importance for the high-level correlated calculations of 125 Te-1 H spin-spin coupling constants. Another interesting consequence which follows from the dramatic difference of 2 J(Te,H X ) in the different rotational conformers of 2 is that this coupling should demonstrate a marked stereospecificity with respect to the internal rotation around the Te-C bond. In our previous publications, we have reported similar effects for J(P,H X ) and J(Se,H X ) in the structurally related trivinyl phosphine 71 and divinyl selenide 72 and explained their stereochemical behavior in terms of the lone pair effect of phosphorous and selenium. It now appears that the lone pair of tellurium provides the same effect on the 125 Te-1 H spin-spin coupling constants. In this respect, it should be outlined that according to the NBO analysis performed in this study, the tellurium atom possesses two different lone pairs, one of almost pure p-character (p-type) and another one providing a considerable amount of s-character (s-type) and being in the orthogonal position to the former. Shown in Fig. 3 are the naturally localized molecular orbitals describing both types of lone pairs in 1 and 2: the p-type (Fig. 3a and c) and s-type ( Fig. 3b and d) , and it is noteworthy that based on our previous (2) with respect to the internal rotation around the Te-C bond, see Fig. 4 . Negative geminal coupling, 2 J(Te,H X ), provides the most striking behavior, decreasing (increasing in absolute value) by more than 100 Hz (!) on going from an s-trans (j = 01) to an s-cis (j = 1801) arrangement of the vinyl group rotating around the Te-C bond, which corresponds to transoidal and cisoidal orientations of the tellurium lone pair towards the geminal which is of prime importance for the stereochemical studies of organotellurium compounds.
Concluding remarks
The present paper documents the first example of a high-level correlated calculation of the 125 Te-1 H spin-spin coupling constants in tellurophene and divinyl telluride using a newly developed full-electron basis set, av3z-J, for tellurium, which was derived from the ''relativistic'' Dyall's basis set, dyall.av3z, and specifically optimized for the correlated calculations of spin-spin coupling constants involving tellurium. This new basis set can and will be used for further high-level calculations of spin-spin coupling constants involving tellurium in a wide series of organotellurium compounds. Very good agreement with the experimental results is achieved at the SOPPA, SOPPA(CC2) and SOPPA(CCSD) levels provided that the relativistic effects calculated within the ZORA scheme are taken into account. This is a very encouraging result in view of the prospective calculations of 125 Te-1 H spin-spin coupling constants in a wide variety of organotellurium compounds. It is noteworthy that for the conformationally labile organotellurium molecules, the conformational averaging of the calculated 125 Te-1 H spin-spin couplings is a crucial point, while the vibrational and solvent corrections are of only minor importance. The second distinguished conclusion reached in this study is the established marked stereospecificity of geminal and vicinal 125 Te-1 H spin-spin coupling constants originating in the orientational lone pair effect of tellurium, which provides a new guideline to the stereochemical structure of organotellurium compounds. Fig. 3 The p-and s-type tellurium lone pairs in tellurophene (a and b) and divinyl telluride (c and d), as follows from the NBO analysis. 
